The genus Sphingomonas accommodates strictly aerobic, chemoheterotrophic, gram-negative, rod-shaped, usually yellow-pigmented bacteria that contain glycosphingolipids as cell envelope components and belong to the ␣-4-subgroup of the Proteobacteria (62) . Sphingomonas strains appear to be widely distributed in various aquatic and terrestrial environments. They have been isolated from anthropogenic polluted river water and sediments (17, 45, 67) and medical material (69) , and they constitute an important part of the marine bacterial plankton (11) . Recently, sphingomonads have also been detected in rather high cell densities on the surfaces of various plants (31) and in biofilms found in drinking water supplies (32) . Furthermore, they have been repeatedly isolated from extreme environments such as arctic and antarctic soils and deeply buried (Ͼ200 m) sediments (2, 3, 13, 56) . The genus Sphingomonas is becoming increasingly interesting in environmental microbiology because various xenobiotic-degrading organisms belong to this group. Previously, Sphingomonas strains have been described that degrade compounds such as biphenyl, (substituted) naphthalene(s), fluorene, (substituted) phenanthrene(s), pyrene, (chlorinated) diphenylether(s), (chlorinated) furan(s), (chlorinated) dibenzo-p-dioxin(s), carbazole, polyethylene glycols, chlorinated phenols, and different herbicides and pesticides (e.g., references 10, 13, 20, 28, 34, 39, 40, 41, 42, 45, 55, 59, 60, 61, 64, 66, 71, 72, and 73) .
The isolation of various Sphingomonas strains which harbor different metabolic pathways for the degradation of a wide range of xenobiotic compounds suggests that the members of this genus have the ability to adapt more quickly or more efficiently to the degradation of new compounds in the environment than members of other bacterial genera. This ability does not seem to be related to different general strategies in the degradative pathways used for the mineralization of xenobiotic compounds, because previous studies about the physiology and enzymology of a number of degradative pathways [e.g., those for (substituted) naphthalene(s) or biphenyl] did not demonstrate any significant differences between sphingomonads and other bacteria (30, 59, 61) . However, a comparison of the genes encoding the degradation of 2,4-dichlorophenoxyacetate or biphenyl suggested that usually only a low degree of sequence similarity is found between the sphingomonads and other Proteobacteria (e.g., authentic pseudomonads) (15, 16) . This indicated that in the evolution of degradative pathways, some kind of barriers must have existed between sphingomonads and other Proteobacteria.
Currently, the major known difference between Sphingomonas strains and other gram-negative bacteria is a frequently observed unusual organization of the degradative genes in the sphingomonads. Previous studies with authentic pseudomonads suggested that the genes which encode catabolic enzymes are often organized in operons and are coordinately regulated. Classical examples for such a genetic organization are meta-cleavage pathways from the TOL or NAH plasmids, modified ortho-cleavage pathways for chlorocatechols from various plasmids, or the chromosomally encoded ␤-ketoadipate pathway (19, 21, 70) . In contrast, it is becoming increasingly evident that the genes for catabolic pathways in Sphin-gomonas strains are often localized separately from each other or are at least not organized in coordinately regulated operons. This has been described, e.g., for the genes involved in the degradation of ␥-hexachlorocyclohexane (lindane) by S. paucimobilis UT26 (39, 41) , pentachlorophenol by S. chlorophenolica (5) , protocatechuate by S. paucimobilis SYK-6 (37), naphthalene, biphenyl, and toluene by S. yanoikuyae B1 and S. aromaticivorans F199 (52, 73) , and dibenzo-p-dioxin by S. wittichii RW1 (1) . (For a current review see reference 50.) There are several reports which indicate that large plasmids may be important for the degradation of xenobiotic compounds by Sphingomonas strains. Thus, in S. aromaticivorans F199 and some other sphingomonads isolated from the same location, the genes encoding the degradative pathways for biphenyl, naphthalene, m-xylene, and p-cresol were detected on large plasmids (29, 52) . There is also some evidence that the genes for the degradation of carbazole by some other sphingomonads (e.g., Sphingomonas CF06) are also (at least in part) encoded on plasmids (12, 47) .
A detailed analysis of the naphthalenesulfonate-degrading strain S. xenophaga BN6 has previously been performed, and in the course of these investigations, various tools for the molecular analysis of sphingomonads were established (e.g., references 27, 33, 51, and 59). In the present study it was therefore attempted to localize the genes for the degradation of naphthalenesulfonates in the genome of strain BN6 and to obtain more general information about the presence, importance, and host range of plasmids in xenobiotic-degrading sphingomonads.
MATERIALS AND METHODS
Bacterial strains and media. The sphingomonads studied and some characteristic compounds which are degraded by the respective strains are shown in Table 1 . The members of the former genus Sphingomonas sensu lato were classified in Table 1 according to the suggestion of Takeuchi et al. (62) as members of the newly created genera Sphingomonas, Sphingobium, Novosphingobium, or Sphingopyxis. For some strains indicated in Table 1 , no valid new descriptions have been performed, but according to their 16S rDNA, most of them probably belong to the genera Sphingobium or Novosphingobium and do not belong to the newly defined genus Sphingomonas sensu stricto. In order to circumvent these taxonomical problems, the older nomenclature is used and all of the strains are referred to as Sphingomonas sensu lato throughout this report.
The non-Sphingomonas strains which were used for the conjugation experiments were obtained from the DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany). These bacteria were cultivated in the media suggested by the DSMZ.
For the plasmid detection experiments, the bacterial strains were routinely subcultured on nutrient broth (NB) or R2A medium (Difco, Becton Dickinson, Sparks, Md.). A mineral medium described by Dorn et al. (9) was used as selection medium for the curing and conjugation experiments. The following carbon and energy sources were added for the selection of transconjugants or cured mutants: malate (5 mM) and glucose (0.5%, wt/vol) were from aqueous stock solutions, 2(2,4-dichlorophenoxy)propionate was supplied from a stock solution in acetone (363 mg/ml) to a final concentration of 640 mg/liter, and dibenzofuran and diphenylether were added as solid particles in the lid of mineral agar plates.
Escherichia coli strains DH5␣ (Gibco, Eggenstein, Germany) and S17.1 (57) were used for recombinant DNA work.
Molecular techniques for the manipulation of recombinant E. coli strains. Plasmid DNA was isolated from E. coli DH5␣ with a Gfx-Micro plasmid prep kit from Amersham Biosciences (Freiburg, Germany). Digestion of DNA with restriction endonucleases (MBI Fermentas, St. Leon-Rot, Germany), electrophoresis, DNA purification, alkaline phosphatase treatment, and ligation with T4 DNA ligase were performed according to the standard procedures (54) . Transformation of E. coli was done by the method of Chung et al. (7) . Preparation of genomic DNA from sphingomonads for the detection of megaplasmids. The different Sphingomonas strains were usually grown overnight at 30°C in 20 ml of NB, and the plasmids were prepared basically as previously described by Barton et al. (4) . Approximately 4 ϫ 10 9 cells were harvested by centrifugation, washed with 1 ml of 1 M NaCl in 10 mM Tris-HCl (pH 7.6), and resuspended in 500 l of EC buffer (1 M NaCl, 100 mM EDTA, 6 mM Tris-HCl [pH 7.6], 0.5% [wt/vol] Brij 58, 0.2% [wt/vol] deoxycholate, 0.5% [wt/vol] Nlauroylsarcosine). The cell suspensions were thoroughly mixed with an equal volume of InCert agarose (10 mg/ml in EC buffer; BMA, Rockland, Maine) which was melted and maintained at 85°C in a thermomixer (Eppendorf, Hamburg, Germany). Two hundred microliters of each of the preparations was immediately transferred into the plug molds. The molder was put on ice for 15 min to allow the plugs to solidify. The solidified plugs were transferred into 2-ml Eppendorf tubes and incubated at 37°C in 1 ml of EC buffer, which additionally contained 20 g of RNase/ml and 1 mg of lysozyme/ml until the cells were lysed. The complete clearance of plugs could be observed usually after 45 to 60 min of incubation. Subsequently, the plugs were incubated overnight at 50°C in ES buffer (1% [wt/vol] N-lauroylsarcosine, 0.5 M EDTA [pH 8.0]) supplemented with 1 mg of proteinase K/ml (Gerbu, Gaiberg, Germany). The ES buffer and the proteinase K were incubated together at 37°C for 2 h before usage. Finally, the proteinase K was inactivated by incubating the plugs in 1 ml of 1 mM phenylmethylsulfonyl fluoride in TE buffer (10 mM Tris [pH 7.5], 1 mM EDTA) for 45 min at 37°C. The plugs were then incubated twice in 1 ml of TE buffer (45 min each) to remove traces of phenylmethylsulfonyl fluoride. The agarose plugs prepared in this way could be stored at least for 2 weeks at 4°C.
In order to linearize circular megaplasmids, slices of 2 to 3 mm were cut out of each plug, and the incorporated DNA was digested for 10 min at 37°C with 1 U of Aspergillus oryzae S1 nuclease (MBI Fermentas) in 200 l of S1 buffer (50 mM NaCl, 30 mM sodium acetate [pH 4.5], 5 mM ZnSO 4 ). The reactions were stopped by transferring the slices into 100 l of ice-cold ES buffer. After 15 min of incubation on ice, the slices were loaded separately on the teeth of a gel comb, and the comb with the attached gel slices was transferred to the horizontal gel mounting chamber (14 by 14 by 1 cm). The comb with the attached gel slices was embedded in 100 ml of 1% agarose (molecular biology grade; Eurogentec, Herstal, Belgium) prepared in 0.5ϫ TBE buffer (45 mM Tris-HCl, 45 mM boric acid, 1 mM EDTA [pH 8.0]). The comb was removed from the gel after solidification of the agarose, leaving the DNA-containing plugs within the agarose. Finally, the pulsed-field gel electrophoresis (PFGE) was run in a clamped homogenous electric field apparatus (CHEF Mapper; Bio-Rad Laboratories, Richmond, Calif.) in 0.5ϫ TBE buffer at 14°C at 6 V/cm with linearly increasing pulse times from 7.23 to 24 s for 26 h. -DNA concatemers (1 g) were used as size standards (New England Biolabs, Beverly, Mass.). The gels were subsequently stained with ethidium bromide and documented by using an image documentation system (Raytest, Straubenhardt, Germany). The primers for the preparation of the pcpB and pcpC probes (Table 2) were derived from the corresponding nucleotide sequences from S. chlorophenolica ATCC 33790 and ATCC 39723 deposited at the NCBI databases. The following PCR program was used for the amplification of the indicated regions of pcpB and pcpC: an initial denaturation (3 min, 94°C) was followed by 30 cycles consisting of annealing at 60°C (30 s), polymerization at 72°C (40 s), and denaturation at 94°C (30 s). The last polymerization step was extended to 5 min.
The primers for the amplification of dxnA1A2 (large and small subunit of the dioxin dioxygenase) were derived from published nucleotide sequences obtained from S. wittichii RW1 ( Table 2 ). The PCR program applied consisted of an initial denaturation (3 min, 94°C), followed by 30 cycles of annealing at 60°C (30 s), polymerization at 72°C (90 s), and denaturation at 94°C (30 s). The last polymerization step was extended to 5 min.
Hybridization procedures. A digoxigenin (DIG) DNA labeling and detection kit was used according to the instructions of the supplier (Roche, Mannheim, Germany). The pcpB, pcpC, and dxnA1A2 probes were prepared by PCR using the known gene sequences as described above.
Plasmid pAKE3/5 (26) was used for the localization of the genes participating in the degradation of naphthalenesulfonates in S. xenophaga BN6. This recombinant plasmid contained a 12-kb insert encoding several genes of the naphthalenesulfonate degradative pathway (e.g., 1,2-dihydroxynaphthalene dioxygenase and 2Ј-hydroxybenzalpyruvate aldolase-hydratase). The insert in pAKE3/5 corresponded to the 16.2-kb fragment deposited at the NCBI database as U65001, without the terminal ϳ1.5-kb PstI fragment at the 3Ј end and a terminal ϳ3-kb HindIII fragment at the 5Ј end.
The hybridization temperatures in the experiments with the dxnA1A2, pcpB, and pcpC probes and the 12-kb fragment from pAKE3/5 were set to 60, 62, 58, and 68°C, respectively.
Introduction of a kanamycin resistance cassette into plasmid pNL1. The suicide vector pTB200 which carried a fusion between the 5Ј-and 3Ј-flanking region of an open reading frame (ORF) of unknown function (ORF363) on plasmid pNL1 and a kanamycin resistance (neo) gene was constructed by inserting the neo gene into the respective ORF using splicing by overlap extension (SOE) (24) . The oligonucleotides PrimerA-Km and PrimerB-Km (for the nucleotide sequences of all oligonucleotides, see Table 2 ) were used to amplify an 845-bp fragment of the 5Ј-flanking region of ORF363 by PCR, and the oligonu- (22) as template. This resulted in the amplification of a 960-bp fragment. The three PCR fragments were fused in two subsequent PCRs. In the first reaction, the PrimerA-Km and PrimerD-Km were used, and the fragment obtained in the course of this PCR was finally fused to the third fragment using PrimerA-Km and PrimerF-Km (for the primer sequences, see Table 2 ). The final 2,662-bp SOE product was first introduced into pBluescriptII SKϩ prepared as T vector (36) to give pTB100. The SOE product was cut out of pTB100 using XbaI and PmeI and subsequently inserted into XbaI/PmeI-cleaved plasmid pLO3 (35) to give pTB200. The correct insertion of the SOE product into pTB200 was verified by sequencing with primers B-Seq (5Ј ACACGCCGG GAGCCAGAT 3Ј) and E-Seq (5Ј CGGGTAACGCTTCAGGCC 3Ј).
Plasmid pTB200 was conjugatively transferred to S. aromaticivorans F199 in a plate-mating experiment using E. coli S17.1 pir as donor strain (8) . Kanamycin (50 g/ml)-resistant transconjugants were selected and further investigated. In order to obtain clones that had integrated the disrupted form of ORF363 by a double crossover event, approximately 100 clones were transferred to agar plates with NB plus kanamycin (50 g/ml) and with kanamycin (50 g/ml) plus tetracycline (10 g/ml). Those clones that were kanamycin resistant and tetracycline sensitive were further studied. In order to verify the correct insertion of the neo gene into ORF363 on plasmid pNL1, a PCR experiment was performed with primers vor363 (5Ј CGGCGACGACGTTGTGGC 3Ј), which binds upstream of ORF363, and PrimerD-Km and primers hinter363 (5Ј GGGTGGGATCGGGA CATGG 3Ј), which binds downstream of ORF363, and PrimerC-Km. The sizes of the obtained PCR products corresponded to the expected sizes, which implicated the disruption of ORF363 by the neo gene. In an additional control experiment, the wild-type and the mutated form of pNL1 were separated from the chromosomal DNA of the wild-type strain or the presumed mutant of S. aromaticivorans F199 by PFGE. Genomic DNA of both strains was transferred by Southern blotting on a nylon membrane, which was hybridized against a DIG-labeled (Roche) neo probe. As expected, the neo probe hybridized only with the mutated form of plasmid pNL1.
Introduction of the kanamycin resistance cassette to plasmid pBN6. The kanamycin resistance gene was inserted into the coding region (ORF6) for a putative ␣-subunit of a ring-hydroxylating dioxygenase located on the 180-kb plasmid of S. xenophaga BN6 by using the same SOE strategy previously described for the disruption of the 1,2-dihydroxynaphthalene dioxygenase gene (27) . For this construction, the 5Ј-flanking sequence of ORF6 (1,034 bp) was amplified by use of the primer pair S2051 and S2052. The neo gene (960 bp) and the 3Ј-flanking fragment (955 bp) were amplified with the primer pairs S2053-S2054 and S2055-S2056. In the second PCR step, the 5Ј-flanking sequence was fused to the neo gene (primers S2051 and S2054; 1,978 bp). In the third PCR (primers S2051 and S2056), the 5Ј-flanking sequence neo fusion was joined to the 3Ј-flanking sequence (2,917 bp). This PCR fragment was cut with NdeI and XbaI and inserted into conjugative plasmid pAKE35.1 (also cut with NdeI and XbaI), which contains the sacB gene and allows gene replacements to get pAKE36 (26) . E. coli S17.1 (57) was transformed with plasmid pAKE36, and the plasmid was conjugatively transferred to S. xenophaga BN6. Plasmid integration mutants (cointegrates) were isolated on mineral medium agar plates with glucose which were supplemented with kanamycin and tetracycline. To isolate integration mutants which had lost the vector fragment by double crossover events, the mutants obtained were transferred to agar plates with glucose plus kanamycin and sucrose (4%, wt/vol).
Conjugative transfer of plasmids. The recipient and donor strains were grown overnight in 125-ml flasks with 20 ml of NB medium which was supplemented with 50 g of kanamycin/ml for the donor strains. The cells were harvested by centrifugation (1 min, 20,000 ϫ g), washed with 1 ml of a saline solution (0.85% [wt/vol] NaCl, 1 mM MgSO 4 ), and resuspended in 50 l of the saline to yield an optical density at 546 nm of approximately 40. The donor and recipient cells were mixed and subsequently transferred to sterile filters (cellulose acetate filters, pore size 0.2 m, 25-mm diameter; Sartorius, Göttingen, Germany) which were placed on NB agar plates. In control experiments, the donor and recipient cells were transferred individually to two separate filters. The cells were incubated at 30°C for 8 to 16 h on the filters and resuspended afterwards in 500 l of saline. From these suspensions, serial dilutions (10 0 to 10 Ϫ3 ) were plated on the selective media. Furthermore, serial dilutions of the donor and recipient cells were plated on both selective and nonselective agar plates, which served as negative and positive controls, respectively. To determine the cell numbers of the donor and recipients, dilutions of approximately 10 Ϫ7 to 10 Ϫ9 of donor and recipient cells were plated on NB agar plates. The colonies of the transconjugants appeared usually after 2 to 7 days. Some of the colonies were purified first on nonselective and subsequently on selective media and were then subjected to PCR and PFGE analysis.
The media to detect a transfer of the 2NS ϩ (conveying the ability to convert naphthalene-2-sulfonate) 180-kb plasmid from S. xenophaga BN6 AKE2/5 to the recipient strains contained 50 g of kanamycin/ml plus the following carbon sources: biphenyl (for S. aromaticivorans F199), malate (for S. yanoikuyae B1 and S. subarctica KF1), and dibenzofuran (for Sphingomonas sp. HH69).
The transfer of plasmid RP1 from S. xenophaga BN6(RP1) to Pseudomonas putida was demonstrated by using Simmons agar plus 40 g of kanamycin/ml plus 10 g of tetracycline/ml.
Enzyme assays. Naphthalenesulfonate dioxygenase, 1,2-dihydroxynaphthalene dioxygenase, 2Ј-hydroxybenzalpyruvate aldolase-hydratase, and salicylaldehyde dehydrogenase were determined as described previously (33) .
Chemicals. Naphthalene-2-sulfonic acid was obtained from Bayer AG (Leverkusen, Germany). All other chemicals were obtained from Sigma-Aldrich Chemie (Deisenhofen, Germany) or Merck (Darmstadt, Germany). Biochemicals were from Roche Diagnostics, and restriction enzymes, RNase, and DNA ligase for molecular biology were from MBI Fermentas.
RESULTS

Detection of megaplasmids in different sphingomonads.
A collection of sphingomonads was analyzed which degraded a wide range of different xenobiotic compounds, such as polycyclic aromatic hydrocarbons, chlorinated and sulfonated aromatics, herbicides, aromatic ethers, and polyethylene glycol ( Table 1 ). The genomic DNA of the strains was analyzed using PFGE in order to detect plasmids in these strains (Fig. 1) . The PFGE analysis demonstrated that almost all tested Sphingomonas strains harbored two to five plasmids with sizes of about 50 to 500 kb. Furthermore, in some strains plasmids with sizes smaller than 50 kb were also detected (Table 3) .
Sphingomonas plasmids are generally circular. In order to allow a reliable size determination, the plasmid preparations for the PFGE analysis were routinely treated with S1 nuclease in order to linearize circular plasmids (see Materials and Methods). In the PFGE, the circular and linear forms of plasmids can be readily distinguished because the supercoiled forms move slower than the linear forms. Because there were several recent reports about the presence of linear plasmids in various bacterial species (38) , it was determined whether the plasmids detected during the PFGE were circular or linear in vivo. Therefore, for all of the sphingomonads analyzed, the plasmid isolation procedures were performed in duplicate with or without the S1 nuclease treatment (for an example, see Fig. 2). Thus, it was found that all detected Sphingomonas plasmids were presumably circular. Detection of genes encoding enzymes for the degradation of naphthalenesulfonates and dibenzo-p-dioxin on megaplasmids from S. xenophaga BN6 and S. wittichii RW1. The PFGE analysis demonstrated the presence of several plasmids in S. xenophaga BN6, S. wittichii RW1, and S. chlorophenolica ATCC 33790 (Table 3) . From these three organisms, different genes coding for enzymes involved in the degradation of naphthalenesulfonates, dibenzo-p-dioxin, and pentachlorophenol, respectively, have been described previously by different groups (1, 10, 27). However, no further investigations regarding the localization of the respective genes in the genomes of these three strains were conducted. The PFGE analysis of the genomic DNA of S. xenophaga BN6 showed four prominent bands which corresponded to plasmids with sizes of about 50, 100, 180, and 260 kb (Table 3) . In order to localize the genes encoding the degradative pathway for naphthalenesulfonates, a 12-kb fragment was cloned and labeled which contained the genes encoding the 1,2-dihydroxynaphthalene dioxygenase and 2Ј-hydroxybenzalpyruvate aldolase-hydratase from the naphthalenesulfonate pathway. The subsequent hybridization experiment demonstrated that the genes were localized on the 180-kb plasmid.
In the following experiments, dxnA1A2 (coding for the large and small subunits of the dibenzo-p-dioxin dioxygenase from S. wittichii RW1) and pcpB and pcpC (coding for the pentachlorophenol-4-monooxygenase and tetrachlorohydroquinone dehalogenase, respectively, from S. chlorophenolica ATCC 33790) were amplified by PCR and labeled with DIG, and these probes were hybridized against the genomes of the respective strains after PFGE. Thus, it was found that dxnA1A2 was localized on an approximately 240-kb plasmid in S. wittichii RW1 (Fig. 3) . A positive hybridization signal was also observed between the labeled dxnA1A2 probe and a plasmid with a similar size from the dibenzofuran-degrading strain Sphingomonas sp. HH69. This suggested that dibenzo-p-dioxin and dibenzofuran are oxidized by rather similar dioxygenases by S. wittichii RW1 and Sphingomonas sp. HH69, respectively. A positive hybridization signal between another dibenzofurandegrading sphingomonad and a dxnA1A2 probe obtained from S. wittichii RW1 has recently also been described by Fukuda et al. (14) .
In contrast to the situation with S. xenophaga BN6 and S. wittichii RW1, the hybridization experiments with genomic DNA from S. chlorophenolica ATCC 33790 demonstrated that pcpB and pcpC were chromosomally located.
Curing of plasmid pBN6 from S. xenophaga BN6. It was previously demonstrated that salicylate concentrations of Ͼ1 mM almost completely inhibited growth of S. xenophaga BN6 on glucose (46) . This caused a strong selection pressure for mutant strains of S. xenophaga which had lost the ability to convert 2NS to salicylate using a mineral medium with glucose plus 2NS, because under these conditions the wild-type strains converted 2NS to salicylate and are thus inhibited in growth. Therefore, a liquid culture of strain BN6 was grown on NB medium for approximately 100 generations, and the culture was then plated on mineral agar plates with glucose (0.5%, wt/vol) which were supplemented with 2NS (1 mM). This resulted in two different colony phenotypes: small brown colonies, which demonstrated the characteristic growth retardation of strain BN6 in the presence of salicylate, and large colonies (Ͼ50% of the total number of colonies), which showed the characteristic yellow pigmentation of S. xenophaga BN6. Four random clones which showed the new phenotype (designated as JK0.1, JK0.2, JK0.3, and JK0.4) were isolated, purified, and maintained for further biochemical investigations. In subsequent resting-cell experiments, it was demonstrated that the mutant strains did not convert 2NS. Furthermore, no activities for different key enzymes of the naphthalenesulfonate degradative pathway (1,2-dihydroxynaphthalene dioxygenase, 2Ј-hydroxybenzalpyruvate aldolase-hydratase, and salicylaldehyde dehydrogenase) were detected in the mutant strains with the enzyme assays previously established (33) (data not shown), and no revertants to the wild-type phenotype could be detected.
The mutant strains were analyzed by PFGE, and it was found that the 260-, 100-, and 50-kb plasmids were still present, but the mutant strains did not contain the 180-kb plasmid. Furthermore, it was demonstrated in hybridization experiments with the 12-kb DNA fragment containing the genes encoding the dihydroxynaphthalene dioxygenase and 2Ј-hydroxybenzalpyruvate aldolase-hydratase that the mutant strains indeed showed no hybridization signal.
Introduction of an antibiotic resistance cassette on plasmids pNL1 from S. aromaticivorans F199 and pBN6 from S. xenophaga BN6. The plasmids from S. aromaticivorans F199 and S. xenophaga BN6 were tagged with a kanamycin resistance gene in order to test their conjugatability using a strong selective pressure and to avoid any possible problems connected to the expression of the respective plasmid-encoded degradative pathways in different genetic backgrounds. Therefore, suicide vectors were constructed carrying the levan sucrase gene (sacB) and a fusion between the 5Ј-and 3Ј-flanking regions of an ORF (ORF363) with unknown function from plasmid pNL1 and a ferredoxin reductase gene from plasmid pBN6 and the neo gene from Tn5. The suicide vectors were conjugatively transferred to S. aromaticivorans F199 and S. xenophaga BN6, respectively, and transconjugants were selected on agar plates with kanamycin and tetracycline. The loss of the integrated vector DNA from plasmid pBN6 was enforced by the addition of sucrose, as described previously by Keck et al. (27) .
Transfer of plasmid pBN6 to a plasmid-free variant of S. xenophaga BN6 and to Sphingomonas sp. SS3. In order to demonstrate the principle feasibility of the attempted conjugation experiments, a spontaneous nalidixinic acid-resistant derivative of the cured 2NS Ϫ mutant of S. xenophaga BN6 described above was produced. This strain was used as a potential recipient in a conjugation experiment with the S. xenophaga BN6 derivative, which carried the kanamycin resistance gene, as the donor strain (BN6 AKE2/5). The kanamycin resistance was conjugatively transferred by a plate mating to the plasmid-free nalidixin-resistant 2NS Ϫ mutant of strain BN6 (JK0.1) with a conjugation rate of 1.1 ϫ 10 Ϫ6 transconjugants per recipient.
In the following experiments, S. xenophaga BN6 AKE2/5 was used as the donor in different conjugation experiments with different sphingomonads as putative recipient strains. The selection for transconjugants in these experiments was performed using carbon sources which were only utilized by the presumed plasmid recipient strains and the antibiotic resistance encoded on the recombinant derivative of plasmid pBN6. A plasmid transfer was only observed in a mating of S. xenophaga BN6 AKE2/5 with Sphingomonas sp. SS3 with a conjugation rate of 5 ϫ 10 Ϫ7 transconjugants per recipient. Transconjugants were selected for their ability to grow with diphenylether in the presence of kanamycin, and the transfer of the neo gene was additionally confirmed by PCR. S. xenophaga BN6 and Sphingomonas sp. SS3 could be easily differentiated by the colors of their respective colonies (bright yellow versus dark yellow). As expected, all transconjugant colonies demonstrated the typical appearance of Sphingomonas sp. SS3. The subsequent PFGE analysis revealed unexpected plasmid patterns in all of the investigated transconjugants (Fig. 4) . These PFGEs suggested that the endogenous plasmids of strain Sphingomonas sp. SS3 seemed not to have undergone any obvious changes but that in all transconjugants the "incoming" plasmid from strain BN6 had undergone significant alterations in size. In order to localize the neo gene which had been introduced by the plasmid from strain BN6, a hybridization experiment was performed using a neo gene probe. The probe hybridized with plasmids of significantly different sizes, ranging from approximately 50 kb up to approximately 290 kb (Fig. 4) . This suggested that the plasmid pBN6 in its original structure is possibly not stable in Sphingomonas sp. SS3. Furthermore, out of five investigated transconjugants, four carried different plasmid patterns, suggesting that there are different ways to stabilize the plasmid from strain BN6 after transfer to strain SS3.
In further conjugation experiments with S. aromaticivorans F199, S. yanoikuyae B1, S. subarctica KF1, and Sphingomonas sp. HH69, no indications for transfer of the 2NS ϩ 180-kb plasmid from S. xenophaga BN6 AKE2/5 to the recipient strains were detected.
Transfer of plasmid pNL1 from S. aromaticivorans F199 to different Sphingomonas strains. A comparison of the carbon sources utilized by S. yanoikuyae B1 and S. aromaticivorans F199 demonstrated that malate supported growth of S. yanoikuyae B1 but not of S. aromaticivorans F199. Therefore, putative transconjugants were selected on malate (5 mM) plus kanamycin (50 g/ml). After 24 h, this selection already resulted in the formation of visible colonies on the selective medium. In contrast, no colonies were formed on the control plates with the strains plated separately on the same medium. The conjugation frequency was estimated to be 2 ϫ 10 Ϫ4 transconjugants per recipient. The color and the morphology of the colonies formed by the transconjugants (whitish yellow) clearly demonstrated that S. yanoikuyae B1 and not S. aromaticivorans F199 served as recipient, because the latter strain formed brighter yellow colonies on all media used. In order to prove the conjugative transfer of plasmid pNL1 to S. yanoikuyae B1, several of the presumed transconjugants were analyzed by PFGE, and the presence of a plasmid with the expected size was observed for all transconjugants. It was therefore deduced that plasmid pNL1 was indeed conjugatively transferable to S. yanoikuyae B1. In similar experiments, the transfer of the antibiotic resistance genes was demon- Plasmid rearrangements after the transfer of plasmid pNL1 to Sphingomonas sp. HH69. A transfer of the kanamycin resistance gene was also detected in a conjugation experiment with S. aromaticivorans F199 and Sphingomonas sp. HH69 (selecting for growth on dibenzofuran and 50 g of kanamycin/ml). In contrast to the experiments with S. yanoikuyae B1, Sphingomonas sp. SS3, and S. herbicidovorans, in this case massive alterations were observed in the plasmid pattern of the transconjugants (Fig. 5 ). An analysis of the different transconjugants suggested that all transconjugants had lost the 240-kb plasmid, which hybridized with the dxnA1A2 gene probe (see above) and which therefore presumably coded for at least part of the dibenzofuran degradation pathway in Sphingomonas sp. HH69. It was therefore investigated, in hybridization experiments, if the transconjugants harbored the dxnA1A2 genes on different loci. These experiments demonstrated that in some of the transconjugants (e.g., the transconjugants shown in Fig. 5 , lanes 4 and 5), the dxnA1A2 genes were found on the chromosome. In contrast, in some other transconjugants (e.g., the one shown in Fig. 5, lane 6) , the gene(s) hybridizing with dxnA1A2 was found on a newly formed 320-kb plasmid.
Attempts to transfer plasmid pNL1 from S. aromaticivorans F199 to bacteria not belonging to the genus Sphingomonas. The ability of a conjugative transfer of pNL1 was also tested with different bacteria belonging to various genera within the ␣-, ␤-, and ␥-subgroups of Proteobacteria (Table 4) . No indications for a transfer of plasmid pNL1 to bacteria belonging to the ␤-or ␥-subgroup of Proteobacteria could be detected. The only example for a transfer of plasmid pNL1 to a strain not belonging to the genus Sphingomonas was obtained with Porphyrobacter sanguineus DSM 11032, which is also a member of the family Sphingomonadaceae and which has been described as an aerobic bacteriochlorophyll a-containing organism with the ability to degrade biphenyl and dibenzofuran (23) .
Transfer of plasmid RP1 from S. xenophaga BN6 to other bacterial genera. The outer membranes of sphingomonads contain huge amounts of sphingoglycolipids instead of lipid A, which is almost ubiquitously found among other Proteobacteria (25) . This was a possible reason for the restrictions in plasmid transfer from Sphingomonas strains to other Proteobacteria, because these differences could influence cell aggregation or change the functionality of pili and other structures involved in the conjugative transfer of DNA. The transfer of broad-hostrange plasmids of the incompatibility group P-1 from E. coli to S. xenophaga BN6 had been previously demonstrated (53) . The transfer of plasmid RP1 (49) from S. xenophaga BN6(RP1) to P. putida was achieved in a plate-mating experiment with a conjugation frequency of 2.3 ϫ 10 Ϫ6 . Plasmid RP1 was also successfully transferred in similar conjugation experiments from S. xenophaga BN6(RP1) to most of the strains tested in the previous experiments as possible recipient strains for the transfer of plasmid pNL1 (Table 5) . This demonstrated that, in principle, the transfer of plasmids from Sphingomonas strains to nonsphingomonads is possible.
DISCUSSION
The present study clearly demonstrates that large plasmids are ubiquitous in sphingomonads and are very important for the degradation of various harmful and/or xenobiotic com- pounds by this group of organisms. In previous work, it was reported that plasmids are presumably involved in the degradation of naphthalene, biphenyl, toluene, and carbazole by sphingomonads (6, 12, 47, 52) . We have obtained evidence that in different sphingomonads the degradative pathways for naphthalenesulfonates, dibenzo-p-dioxin, and dibenzofuran are also encoded on plasmids. Therefore, it is very probable that with the progress in the detection and sequencing of genes involved in the degradation of xenobiotics by sphingomonads, the majority of the genes will be detected on large plasmids similar to those described here. The degradative plasmids in sphingomonads generally appear to be larger (160 to 240 kb) than the previously studied degradative plasmids from pseudomonads, such as the TOL (117 kb) or NAH (usually 80 to 120 kb) plasmid(s) (18, 70) . This explains why Sphingomonas plasmids are only reproducibly detected by PFGE and not by previously established plasmid isolation procedures, such as agarose gel electrophoresis or CsCl gradient centrifugation. It was clearly demonstrated in the course of the present study that plasmid pNL1 could be conjugatively transferred from S. aromaticivorans F199 to S. yanoikuyae B1, Sphingomonas sp. SS3, and S. herbicidovorans. These four strains belong to different subgroups within the genus Sphingomonas sensu lato and would be classified in the scheme suggested by Takeuchi et al. (62) as members of the genera Novosphingobium (S. aromaticivorans) and Sphingobium (S. yanoikuyae and S. herbicidovorans). The conjugatability of plasmid pNL1 was also suggested by the previously performed sequence analysis of the plasmid, which demonstrated the presence of three gene clusters encoding homologs of the E. coli F plasmid required for conjugative sex pilus formation and mating-pair stabilization (52) . In contrast, it appears that the host range of the plasmid pBN6 from S. xenophaga BN6 is much more restricted, because for this plasmid only a transfer to Sphingomonas sp. SS3 was observed.
The generally observed presence of several plasmids within single isolates suggested that there are plasmids belonging to several incompatibility groups present in Sphingomonas strains. The major rearrangements observed in the plasmid pattern after the attempted transfer of pNL1 to Sphingomonas sp. HH69 might be an indication that a plasmid from the same incompatibility group is present in strain HH69 and thus may prevent the establishment of plasmid pNL1 in this host.
According to the results of the present study, the plasmids found within the Sphingomonas strains are transferable by conjugation among different Sphingomonas strains (and presumably some closely related genera) but are presumably only rarely transferred to other Proteobacteria. Thus, this will result in a reduced gene flow from the sphingomonads to other bacteria. This is probably one of the reasons for the comparable low degree of sequence homology between Sphingomonas genes and those from other Proteobacteria which have been detected during sequence analysis and hybridization experiments with different 2,4-dichlorophenoxyacetate-or biphenyldegrading bacteria (15, 16, 29) . A similar conclusion has recently also been obtained from the molecular analysis of the Rhizobium radiobacter MM ϩ malate (5 mM) ϩ Km (40 g/ml) ϩ Tc (10 g/ml) b 7.2 ϫ 10
Ϫ7
Pigmentiphaga kullae
Simmons agar ϩ Km (40 g/ml) ϩ Tc (10 g/ml) 1.1 ϫ 10
Ϫ4
Burkholderia glathei
Simmons agar ϩ Km (40 g/ml) ϩ Tc (10 g/ml) 4 ϫ 10
Ϫ8
Serratia proteamaculans
Simmons agar ϩ Km (40 g/ml) ϩ Tc (10 g/ml) 2.4 ϫ 10
Ϫ4
Pseudomonas putida Simmons agar ϩ Km (40 g/ml) ϩ Tc (10 g/ml) 2.3 ϫ 10 distribution of the pcpB gene within a Finnish groundwater supply heavily polluted with chlorinated phenols. In this study, it was demonstrated that highly similar or identical copies of the pcpB gene could be found among different sphingomonads but that homologous genes were totally absent from nonsphingomonads which also degraded chlorophenols (65) . A possible reason for the reduced (or maybe abolished) plasmid transfer rates from Sphingomonas strains (and closely related genera) to other Proteobacteria could be that specific Sphingomonas plasmids exist which are only able to transfer among or to replicate within Sphingomonas strains. It was initially assumed that a further possible reason for the restrictions in plasmid transfer from Sphingomonas strains to other Proteobacteria could be due to the composition of the outer membranes of sphingomonads. These outermost cellular structures of the sphingomonads differ from those of other Proteobacteria because they contain huge amounts of sphingoglycolipids instead of lipid A, which is almost ubiquitously found among other Proteobacteria (25) . We could exclude a principle impediment of plasmid transfer by these differences because it was possible to transfer the broad-host-range plasmid RP1 from S. xenophaga BN6 to various Proteobacteria. Although the observed conjugation frequencies in the range of 10 Ϫ4 to 10 Ϫ8 transconjugants per recipient appear to be rather low, similar conjugation frequencies have also been observed for various intergeneric conjugation experiments with plasmid RP1 (48) .
Although we could clearly demonstrate in our present study the importance of plasmids for the degradation of xenobiotic compounds by Sphingomonas strains, it is also evident that degradative genes may in some cases also be found encoded on the bacterial chromosome. Thus, it was previously found that the genes coding for the degradative pathways for naphthalene, biphenyl, and toluene are encoded on plasmid pNL1 in S. aromaticivorans F199 but that the homologous pathways are chromosomally encoded in S. yanoikuyae B1 and S. paucimobilis Q1 (29) . A similar situation might exist for the location of the genes involved in the degradation of pentachlorophenol. Although we could demonstrate in the present study that the genes coding for pentachlorophenol degradation by S. chlorophenolica ATCC 33790 are chromosomally located, a very recent study presented strong evidence for a natural horizontal transfer of the pcpB gene among different sphingomonads within a Finnish groundwater treatment plant (65) . This may indicate that even in the case of currently chromosomally encoded pathways in sphingomonads, some recent plasmid exchange events have taken place.
